The small GTPase Rho and one of its targets, Rhoassociated kinase (Rho-kinase), are implicated in a wide spectrum of cellular functions, including cytoskeletal rearrangements, transcriptional activation and smooth muscle contraction. Since Rho also plays an essential role in cytokinesis, Rho-kinase may possibly mediate some biological aspects of cytokinesis. Here, using a series of monoclonal antibodies that can speci®cally recognize distinct phosphorylated sites on glial ®brillary acidic protein (GFAP) and vimentin, phosphorylation sites by Rho-kinase in vitro were revealed to be identical to in vivo phosphorylation sites on these intermediate ®lament (IF) proteins at the cleavage furrow in dividing cells. We then found, by preparing two types of antiRho-kinase antibodies, that Rho-kinase accumulated highly and circumferentially at the cleavage furrow in various cell lines. This subcellular distribution during cytokinesis was very similar to that of ezrin/radixin/ moesin (ERM) proteins and Ser
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-phosphorylated myosin light chain. These results raise the possibility that Rhokinase might be involved in the formation of the contractile ring by modulating these F-actin-binding proteins during cytokinesis and in the phosphorylation and regulation of IF proteins at the cleavage furrow.
Keywords: cell cycle; cytokinesis; cleavage furrow; Rhoassociated kinase (Rho-kinase); intermediate ®lament Cell-division cycle is the fundamental means by which all living cells are propagated, and comprises a complicated series of cytoplasmic and nuclear events which are elaborately coordinated under the control. The cell cycle control system is thought to be based on a series of protein phosphorylation/dephosphorylation (Hunt, 1991; Norbury and Nurse, 1992; Nigg, 1993) . Recent studies demonstrated that the complexes of cyclins and cyclin-dependent protein kinases (cdks) play pivotal roles in controlling the cell cycle at G1-S and G2-M transitions (Reed, 1992; Pines, 1993; Sherr, 1993) . On the other hand, much less is known about mechanisms at metaphase-anaphase transition and during the cytokinetic phase of eukaryotic cells.
Using site-and phosphorylation state-speci®c antibodies (Inagaki et al., 1997a) , we previously detected cleavage furrow kinase (CF kinase) activity that phosphorylates Thr 7 , Ser 13 and Ser 38 on human glial ®brillary acidic protein (GFAP) at the cleavage furrow during cytokinesis (Matsuoka et al., 1992) . This protein kinase activity was observed not only in astroglial cells but also in other cultured cells in which GFAP was ectopically expressed (Sekimata et al., 1996) . These ®ndings imply a possible existence of a protein kinase which is speci®cally activated at the cleavage furrow and may play some important roles in cytokinesis.
The in vivo phosphorylation sites on GFAP by CF kinase were recently shown to be phosphorylated by Rho-kinase (Matsui et al., 1996) (also called ROK (Leung et al., 1995) or ROCK (Ishizaki et al., 1996) ) in a GTP×Rho-dependent manner in vitro (Kosako et al., 1997) . More recently, vimentin was shown to be phosphorylated at Ser 38 and Ser 71 by Rho-kinase in vitro (Goto et al., 1998) . A rabbit polyclonal antibody against phosphorylated vimentin-Ser 71 revealed that this site was also phosphorylated at the cleavage furrow during cytokinesis (Goto et al., 1998) . In the present work, we prepared rat monoclonal antibodies TM38 and TM71, which can speci®cally recognize the phosphorylation of vimentin at Ser 38 and Ser 71 , respectively (Figure 1a and b) . Immunocytochemical studies using TM38 and TM71 revealed that these two sites were phosphorylated at the cleavage furrow during cytokinesis in U251 human glioma cells (Figure 1c and d) . Together with previous immunocytochemical studies (Matsuoka et al., 1992; Tsujimura et al., 1994; Ogawara et al., 1995; Takai et al., 1996; Sekimata et al., 1996; Inagaki et al., 1997b) (Table 1) .
In contrast, in vitro sites phosphorylated by Cdc2 kinase, cAMP-dependent protein kinase (A kinase), protein kinase C (C kinase) and Ca 2+ /calmodulindependent protein kinase II (CaM kinase II) were clearly dierent from in vivo sites phosphorylated by CF kinase (Table 1 ). All these results are consistent with the idea that Rho-kinase is responsible for CF kinase activity during cytokinesis. However, there remains the possibility that other protein kinase(s) with similar substrate speci®city to Rho-kinase may be CF kinase. LGSAL), V38 (CSTRTYS 38 LGSAL), PV71 (CAVRLRphosphoS 71 SVPGV) and V71 (CAVRLRS 71 SVPGV) were synthesized as described (Tsujimura et al., 1994) . Rat monoclonal antibodies against PV38 (termed TM38) and against PV71 (termed TM71) were produced as described by Takai et al. (1996) . (a) Vimentin phosphorylated by Rho-kinase, the catalytic subunit of cAMP-dependent protein kinase (A kinase), Ca 2+ /calmodulin-dependent protein kinase II (CaM kinase II), Cdc2 kinase or protein kinase C (C kinase) was prepared as described previously (Goto et al., 1998) . After SDS ± PAGE, samples were transferred onto a polyvinylidene di¯uoride (PVDF) membrane. The membrane was immunoblotted with TM38 or TM71, and then stained with Coomassie Brilliant Blue (CBB). Immunoreactive bands were detected by horseradish peroxidase-conjugated secondary antibodies and the ECL Western blotting detection system (Amersham Pharmacia Biotech). (b) Speci®city of TM38 and TM71 determined by an inhibition assay. Vimentin phosphorylated by Rho-kinase was immunoblotted with TM38 or TM71 preincubated with buer alone or with 50 mg/ml V38, PV38, V71 or PV71. (c and d) Late mitotic U251 cells were doubly stained with 1B8 (mouse monoclonal anti-vimentin; Tsujimura et al., 1994) and TM38 or TM71. Indirect immuno¯uorescence microscopy was performed as described previously (Goto et al., 1998) . FITC-conjugated goat anti-rat immunoglobulins (BioSource International) and Texas Red-conjugated sheep antimouse immunoglobulins (Amersham Pharmacia Biotech) were used for secondary antibodies. DNAs were stained with 0.5 mg/ml DAPI (4',6-diamidine-2-phenylindole-dihydrochloride; Boehringer Mannheim). Scale bars, 10 mm To examine the subcellular distribution of Rhokinase during cytokinesis, we prepared two kinds of anti-Rho-kinase antibodies (anti-CAT and anti-COIL) by immunizing two rabbits with two recombinant fragments of bovine Rho-kinase. Immunoblot analysis revealed that both of these antibodies strongly and speci®cally reacted with 160 kDa Rho-kinase in total extracts from MDBK bovine epithelial cells (Figure 2a) . Figure 2 Reactivity of rabbit polyclonal antibodies anti-CAT and anti-COIL. GST-CAT (amino acids 6 ± 553; catalytic domain of Rho-kinase) and GST-COIL (amino acids 421 ± 701; coiled-coil domain of Rho-kinase) were prepared as described . Rabbit polyclonal antibodies against CAT and COIL were prepared as follows: after removing the GST portion from GST ± CAT or GST ± COIL by thrombin, CAT or COIL protein was injected into a rabbit at 4 week intervals. The antiserum was obtained 2 weeks after the third injection and anity-puri®ed by A-Gel 10 (Bio-Rad) coupled with CAT or COIL protein. (a) Extracts from MDBK cells (10 mg of protein; lanes 2, 4 and 6) and puri®ed bovine Rho-kinase (5 ng of protein; lanes 3, 5 and 7) were stained with Coomassie Brilliant Blue (CBB) or immunoblotted with anti-CAT (aCAT) or anti-COIL (aCOIL) antibody (each 0.4 mg/ml). Molecular weight standards were electrophoresed on lane 1. (b) U251 cells arrested in early mitosis were obtained by using TN-16 (3-(1-anillinoethylidene)-5-benzylpyrrolidine-2,4-dione; Wako) as described previously (Goto et al., 1998) with slight modi®cations. Cell lysates prepared at the indicated times after the removal of TN-16 were immunoblotted with anti-COIL (upper) or 1B8 (lower). Microscopic observation and FACS analysis revealed the synchronized progression of cell cycle: 0 h, early mitosisrich; 0.5 h, late mitosis-rich; 6 h, G1 phase-rich; 14 h, S phase-rich (data not shown). (c and d) Confocal microscopic images of interphase, metaphase and telophase MDBK cells stained with anti-CAT or anti-COIL antibody (each 4 mg/ml). FITC-conjugated goat anti-rabbit immunoglobulins (BioSource International) were used for secondary antibodies. DNAs were stained with 0.5 mg/ml propidium iodide (Sigma). Images represent horizontal optical sections. Scale bars, 10 mm Rho-kinase protein levels did not change during cell cycle progression (Figure 2b ). Immunocytochemical studies with anti-CAT and anti-COIL using confocal laser scanning microscope revealed that Rho-kinase speci®cally accumulated at the cleavage furrow of telophase MDBK cells (Figure 2c and d) . Confocal images on ®ve serial focal planes of a single telophase cell stained with anti-CAT showed that Rho-kinase accumulated circumferentially in the equatorial region (Figure 3a ). This cleavage furrowspeci®c accumulation of Rho-kinase appeared at late anaphase and was maintained until late telophase, then gradually decreased at the exit of mitosis (Figure 3b ). To investigate whether the accumulation of Rhokinase at the cleavage furrow is a general occurrence in various types of cells during cytokinesis, Swiss 3T3 cells and HeLa cells were stained with the anti-CAT antibody. As shown in Figure 4a and b, Rho-kinase accumulated at the cleavage furrow in both cell lines. Furthermore, U251 cells were doubly labeled with anti-CAT and KT13 (anti-phosphorylated GFAPSer 13 ) or TM71. As shown in Figure 4c and d, GFAP-Ser 13 and vimentin-Ser 71 were phosphorylated near the area at which Rho-kinase accumulated. However, Rho-kinase does not colocalize with these phosphorylated intermediate ®lament proteins (Figure  4c and d), and this needs a possible explanation. Vimentin has been shown to be attached to the plasma membrane (Georgatos and Blobel, 1987) . In addition, the recent study using GFP/vimentin chimeras clearly demonstrated that the vimentin network constantly moves in a wavy manner in living cells (Ho et al., 1998) . This dynamic behavior of intermediate ®laments and continued ingression of the cleavage furrow may cause their transient attachment to the plasma membrane, where the phosphorylation by Rho-kinase might occur.
The phosphorylation of GFAP and vimentin by Rho-kinase has been shown to lead to disassembly of their ®lament structures in vitro (Kosako et al., 1997; Goto et al., 1998) . Most recently, we found that the expression of mutant GFAP, where the Rho-kinase phosphorylation sites were substituted to alanine residues, impaired cytokinetic segregation of GFAP ®laments, resulting in the formation of an unusually long bridge-like structure between the unseparated daughter cells (Yasui et al., 1998) . These observations suggest that the phosphorylation-dependent disassembly of intermediate ®laments is required for proper execution and completion of cytokinesis.
Rho-kinase is activated by forming a complex with the GTP-bound active form of Rho in vitro (Matsui et al., 1996; Ishizaki et al., 1996) . The small GTPase Rho (Van Aelst and D'Souza-Schorey, 1997; Hall, 1998 ) is known to play a critical role in cytokinesis (Kishi et al., 1993; Mabuchi et al., 1993; Drechsel et al., 1997) and localize to the cleavage furrow (Takaishi et al., 1995) . In the present study, we found that Rho-kinase also localized to the cleavage furrow, suggesting that Rhokinase binds to Rho in vivo and phosphorylates several proteins during cytokinesis.
So far, myosin binding subunit of myosin phosphatase , myosin light chain (MLC; Amano et al., 1996) , ezrin/radixin/moesin (ERM) proteins (Matsui et al., 1998; Fukata et al., 1998) , adducin , GFAP (Kosako et al., 1997) and vimentin (Goto et al., 1998) have been identi®ed as the putative physiological substrates for Rho-kinase. Especially, ERM proteins (Sato et al., 1991) and Ser
-phosphorylated MLC (Matsumura et al., 1998; Rho-kinase phosphorylates MLC at Ser 19 in vitro; Amano et al., 1996) have been shown to be highly concentrated at the cleavage furrow. So we compared the subcellular distribution of ERM proteins and Ser
-phosphorylated MLC with that of Rhokinase. As shown in Figure 4e , we observed almost colocalization of Rho-kinase and ERM proteins at the cleavage furrow in rat 3Y1 cells. In addition, the staining pattern of anti-Ser 19 -phosphorylated MLC antibody at the cleavage furrow (Figure 4f ) was very similar to that of anti-CAT (Figure 2c ) and anti-COIL (Figure 2d ) in telophase MDBK cells. These results suggest that Rho-kinase phosphorylates and regulates these F-actin-binding proteins during cytokinesis. Phosphorylation of ERM proteins by Rho-kinase interferes with their head-to-tail association in vitro (Matsui et al., 1998) , leading to the activation as Factin/plasma membrane cross-linkers (Tsukita et al., 1997) . MLC phosphorylation at Ser 19 is believed to promote the contractility of actomyosin in cells Sekimata et al., 1996) or TM71 (red). (e) A telophase 3Y1 cell was doubly stained with anti-CAT (green) and CR22 (red; mouse monoclonal anti-ERM; Sato et al., 1991) . (f) A telophase MDBK cell was stained with pp2b (rabbit polyclonal antiphosphoSer 19 of MLC; Matsumura et al., 1998) and propidium iodide. Scale bars, 10 mm (Huttenlocher et al., 1995) . Therefore, Rho-kinase may be implicated in the formation of the contractile ring, an actomyosin-based cytoskeletal structure just beneath the plasma membrane. While this paper was under the review, Narumiya and co-workers reported that citron kinase, another Rho target with the structural similarity to Rho-kinase, localizes to the cleavage furrow and may play an important role in the contractile process of cytokinesis (Madaule et al., 1998) . Further analyses of dierent and redundant functions of both Rho-binding kinases will help to elucidate the molecular mechanism of cytokinesis downstream of Rho.
